Arrays of optically resonant dielectric nanostructures featuring electric and magnetic resonances are usually fabricated by means of planar technologies, which limit the degrees of freedom in tunability and scalability of the fabricated system. In this work, we explore photothermal effects induced by ultrashort-pulse laser irradiation to tailor pre-processed amorphous silicon metasurfaces beyond lateral dimensions. We present two complimentary methods for control of their optical resonances: crystallization of amorphous material, leading to a change of the refractive index, and photothermal reshaping, based on shape transition of molten material to the lowest surface energy. We utilize the resonant behavior of nanostructures to induce specific electromagnetic field distributions and absorption profiles, which subsequently lead to a localized heating and customized modifications. As a result, single pulse laser-induced shape and structural changes provide advanced control of the optical resonances and substantially reduce the complexity in the fabrication of non-uniform nanostructure-based optical systems.
Dielectric metasurfaces, dense planar arrangements of nanostructures, have been extensively investigated due to their unique ability to manipulate properties of light [1] [2] [3] . They have been recently used in many demonstrations of optical components such as filters [4] [5] [6] , polarizers 7 , and lenses 8 , as well as nonlinear phenomena [9] [10] [11] and surface enhanced spectroscopy 12, 13 . Optically resonant dielectric nanostructures possess low intrinsic losses and their optical response can be tailored by controlling their shape and geometrical distribution 14, 15 .
Dielectric metasurfaces are mainly being fabricated by lithographic techniques, such as single-step electronbeam lithography (EBL) and subsequent etching or focused-ion-beam (FIB) lithography 16 . These technologies are extremely well-developed, but mostly limited to controlling the lateral geometry of the sample, since the height of the resulting nanostructures is fixed to a constant value across the entire sample due to a single deposition or step of the functional material. Even-though for many applications a metasurface with a uniform height is sufficient 17 , it imposes a general restriction on the design parameters and a number of applications could be improved using a variation in height, e.g. the realization of nanostructure-based RGB color filter arrays for digital imaging 18 .
Similarly, an improved performance could be expected in color printing [19] [20] [21] [22] , the advantages of using structures of different height could be transferred to other spectral ranges, and the additional degree of freedom of using the third dimension can be used for the realization of asymmetric metasurfaces 23 . Furthermore, the applicability of some potentially large-scale nanofabrication techniques, such as nanoimprint 24 , would benefit from the possibility to add a local functionality into mass-produced uniform metasurfaces.
An intriguing possibility to produce non-uniform dielectric nanostructure arrays is using photothermal effects.
Here, the nanostructured surface, initially formed by the previously mentioned single-step lithography 16 or nanoimprint 24 , is illuminated by a light source, such as a pulsed laser, as shown in Figure 1 . The deposited energy results in heating of the nanostructures and, after a certain energy threshold is reached, it leads to irreversible lightinduced thermal processes, illustrated in Figure 1 . First of all, the amorphous materials, which are usually the basis for metasurface fabrication, are bound to crystallize during the heating [25] [26] [27] [28] . The crystallization changes the refractive index in a particular spectral range, enabling a vivid control of the optical resonances. Moreover, higher pulse energies enable melting of the nanostructures, where their surface in a liquid phase moves towards the lowest 3 energy surface, inducing a change in shape and size of the nanostructures 29 . For even higher energies, the material is removed from the surface by ablation. As the optical resonances are size-and shape-dependent 14 , these processes also change the optical response. Recently, a laser source was successfully shown as a tool for shape modification of plasmonic nanostructures [30] [31] [32] [33] [34] [35] [36] [37] [38] . Moreover, the laser-induced reshaping was applied in color printing, where the laser irradiation was used to reshape resonant dielectric nanostructures and a color change was observed with the gradual increase of the laser power 39 . Considering the remarkable applicability of light-induced thermal effects for modification of dielectric nanostructures, here we perform their systematic investigation. In this work, photothermal effects are used for controlled structural and shape modifications of silicon (Si) metasurfaces. We analyze the mechanisms and effects of the laser-matter interaction by means of geometry analysis, optical spectroscopy and Raman spectroscopy. We complement our experimental results by numerical simulations. For the first time to our knowledge, we employ the photothermal effect for modifying nanostructure-4 based transmissive spectral filters. Furthermore, we show that the laser-induced reshaping is a promising tool for tailoring of the optical response beyond the limits of two-dimensional fabrication techniques, which opens new possibilities in the field of nanophotonics.
Mechanism for Controlled Photothermal Effects
In general, photothermal effects depend on many different parameters: the optical and thermal properties of the target material, the environment it is being modified in, and the parameters of the irradiation source like spectrum, pulse duration, local spatial energy distribution, and average energy density 31, 40, 41 . In addition, nanostructured materials tend to obtain wavelength-dependent optical properties. Si nanostructures, as well as other high refractive index dielectric nanostructures, possess strong fundamental electric dipole (ED) and magnetic dipole (MD) resonances at the wavelengths close to their optical size 14 . Furthermore, higher-order resonances are observed at shorter wavelengths. Each resonant mode is associated with a particular electromagnetic field distribution inside the volume of the nanostructures, thus enables a spatial control of energy deposition due to absorption.
Subsequently, this provides an additional degree of freedom in the photothermal effects, and, if accounted for, can be beneficial in the customization of nanostructures.
Our experimental investigation of photothermal effects is based on Si metasurfaces made from an amorphous Si film on top of a glass substrate by means of electron-beam lithography and reactive ion etching (see Supporting Information, S1, for dispersion parameters). The film was structured into polarization-insensitive disk-shape nanostructures, introduced in an array of nanodisks operating in the infrared (IR) spectral range was used. Here, the following geometry parameters were used: diameter D = 560 nm, period P = 794 nm, and height H = 220 nm, which allowed to obtain the fundamental ED and MD resonances close to λ = 1400 nm, see Figure 2 
(d).
First, we discuss the linear optical properties of the pre-processed samples and their influence on the photothermal processes. In Figure 2 , we present measured transmission spectra and calculated spatial distributions of absorption for two distinct Si metasurfaces. In Figure 2 (a), we show the transmission spectrum of a metasurface with fundamental resonances in the VIS spectral range (diameter D = 140 nm, period P = 250 nm, and height H = 175 nm). This is indicated by the transmission minimum at a wavelength λ = 640 nm, which we associate with closely spaced ED and MD resonances 6 . Our irradiation wavelength of λ = 532 nm is close to the resonance wavelength. In order to gauge, how energy is deposited in the nanostructure, we calculated the spatial distribution of the absorbed power, shown in Figure 2 (b) for the irradiation wavelength of λ = 532 nm. We find that the largest absorption is taking place in the center of the nanodisk, similarly to the resonant laser printing 42 . As expected, irradiation directly at the resonance would yield a qualitatively similar energy distribution centered in the middle of the nanodisk, see Figure 2 (c). , a specific heat p = 992 J/(kg K) 46 , and a thermal conductivity of = 1.8 W/(m K) 47 . In contrast, a longer duration of operation, for example using a nanosecond or continuous-wave laser, would induce heat penetration throughout the whole nanostructure, without the possibility to obtain small features.
In addition, we study for which threshold excitation energy densities 0 we find photothermal modifications of the structures and how this threshold depends on the geometry parameters. It is known that the laser damage threshold of unstructured amorphous Si thin films by a single laser pulse is in the energy density F range from 100 mJ/cm 2 to 220 mJ/cm 2 48-50 . However, up to now, there was no investigation of the photothermal effect (or modification) threshold 0 of dielectric nanostructures. To experimentally determine the threshold 0 we irradiate each investigated set of nanostructures with a single laser pulse, where the used beam diameter is 0 = 5.6 µm (see Methods for details). The pulse energy is increased stepwise. At each step, by visual and spectral characterization of the irradiated area we determine the diameter d of the area where nanostructures have been modified, as depicted 7 in Figure 1 . The modification can be either due to intrinsic structural changes like crystallization of the amorphous material if their temperature is raised above the crystallization temperature c , or shape changes for temperatures above the melting temperature m > c . We calculate the energy density threshold 0 from the well-described relation between the diameter d of the modified area and the pulse energy density as 51 2 = 0 2 (ln 0 − ln ).
In Supporting Information, S2, we plot the obtained threshold 0 values versus the diameter to period ratio D/P for all of the investigated samples, sorted by their periods (200 nm, 220 nm, 250 nm, 300 nm, and 794 nm). We find that the photothermal effect threshold 0 is similar or smaller compared to the damage threshold of Si thin film [48] [49] [50] . The obtained threshold values, normalized to the measured absorption of the samples at λ = 532 nm, linearly depend on the ratio of diameter to period D/P, see Figure 3 . This is related to the material surface to air ratio, which increases with growth of the D/P, and the high index contrast to the environment. The latter enables the guiding of light beyond the physical size of the Si nanostructures. The obtained dependence on the diameter to period ratio D/P helps to predict the threshold of the photothermal effect for a precise control of the nanostructured samples. Next, we demonstrate two examples how the photothermally-induced internal material changes and shape changes of the nanostructures can be harnessed for controlling their optical response. 
Crystallization for Pixelation of Color Filters
First, we investigated photothermal effects on a Si nanodisk sample with the fundamental ED and MD resonances 8 in the VIS spectral range. Such structures can be used as dielectric nanostructure-based color band-pass filters 6 . In particular, we selected a structure realizing a green nanostructure-based filter consisting of nanodisks with diameter D = 140 nm, height H = 175 nm, and period P = 250 nm. As the photothermal excitation wavelength at λ = 532 nm is close to the resonances, it is strongly absorbed at the center of the nanostructure as discussed in Figure 2(b,c) .
For the systematic investigation of photothermal effects, we realized a uniform distribution of modified nanostructures over a large area. This was carried out by a partial overlap of several laser shots in a hexagonal configuration, which corresponds to the densest packing of the circular laser spot, see Supporting Information, S3.
The laser pulse energy density at λ = 532 nm was increased in several steps until the nanostructures were completely melted and became unstable, i.e. moved from their initial position and disordered the lattice. In Measured transmission spectra for all tested energy densities are shown in Figure 5(a) . In all the given spectra, one can find a clear dip. Both, the fundamental ED and MD resonances, contribute to the dips although they are not very pronounced due to the high absorption of amorphous Si in the VIS spectral range. We clearly notice a blue-shift of the ED and MD resonances with the increase of the energy density F, see Figure 5(a,c) . However, such significant control of the optical resonances cannot be explained by the observed small changes in geometry only. Hence, we attribute this change to the crystallization of the Si nanostructures. In the VIS spectral range, the difference of the refractive indices of amorphous and crystalline Si is relatively large, see Supporting Information S1, enabling strong changes of the resonant wavelengths. This assumption was confirmed by measuring Raman spectra of the Si nanostructures before and after the irradiation, which are plotted in Figure 5(c) . For the original template, a maximum appears at a Raman shift of υ = 480 cm -1 , which corresponds to amorphous silicon. A peak at υ = 510 cm -1 appears after the irradiation of the template and can be attributed to the formation of grain boundaries and nanocrystals 28 , whereas the peak of crystalline Si is expected at υ = 520 cm -1 27,28 . Based on these measurements, a transition to a polycrystalline state can be confirmed. As an example for a potential application of photothermal effects we show, how the control of the crystallinity can be used to create a user-defined multispectral filter arrays. To this end, we modified different areas of the preprocessed green (G) filter to locally shift the optical resonances and obtain a variation of colors in transmission.
The experimentally realized colors, corresponding to the different excitation energies used in Figure 5 . Moreover, even-though the resolution of the laser pixelation in our experiment was limited by the laser spot size d, which is large compared to the period of the metasurface P, d » P, it is possible to obtain pixels of 5 µm, as shown in Supporting Information S4. In perspective, the size of the laser spot could be reduced even more, d ≈ P, using an objective with a higher numerical aperture (NA) or a shorter irradiation wavelength λ. This would enable the use of the controlled photothermal effect as a single nanostructure manipulation tool 34, 55 .
Reshaping Beyond Two-Dimensional Fabrication
In our experiments discussed so far, we mainly used a change in the material properties induced by photothermal effects to control the resonances of dielectric nanostructures. Changes of the shape due to melting could not be controlled in a consistent way, although it was previously shown that molten nanostructures tend to reshape towards the lowest surface energy, from the initial form to a droplet-like spherical shape 29 . Therefore, next we will demonstrate how this effect can be used for changing the resonances by engineering the cross-section of the absorbed power.
For this matter, we selected the sample with the biggest nanodisks (diameter D = 560 nm, period P = 794 nm, and height H = 220 nm). Here the irradiation excites higher-order resonances and the absorbed energy is deposited predominantly at the top of the nanodisks, see Figure 2(d,e) . We irradiated the template samples with laser pulses of increasing energy until the point where the nanostructures melted. The induced photothermal effects were analyzed by observing the shape and spectra of the irradiated nanodisks for each irradiation energy. In Figure 6 (a)
we show SEM images of nanostructures for different pulse energies, together with a scheme denoting the different regimes of modification. After absorption induces maximal local temperatures above the melting temperature, Tmax > 1420 K 52, 53 , we find that the nanodisks starts to get rounded at the top due to local melting and reshaping.
For larger energies and temperatures, we note that the modified nanostructures also become taller. The specific dynamics of the reshaping are attributed to the unique absorption cross-section explained in Figure 2(e) , which allows the heat-affected zone to grow from top to bottom, as shown in Supporting Information, S5. Thus, the diameter at the bottom of the nanostructure is sustained and the height increases. Additionally, for maximal local temperatures above the evaporation temperature, Tmax > Tv = 2654 K 53 , material is ablated from the nanodisks.
The ablation of the sample comes with an increasing amount of debris. However, the debris particles, which are redeposited on the surface after the evaporation, are significantly smaller than the elements of the metasurface, thus their influence on the optical response can be neglected. Finally, if the average temperature of the nanodisk Tavg raises above the melting temperature, the nanodisks become unstable again. We also expect crystallization of the nanodisks for temperatures below the melting temperature as was discussed before. However, the difference in the real part of the refractive index between amorphous Si and crystalline Si is negligible in the IR spectral range where ED and MD resonances are located (see Supporting Information, S1), hence we neglect crystallization in our analysis.
By analyzing diameter, height, and volume of the nanodisks, shown in Figure 6(b) , we confirm the description of the reshaping dynamics given above and identify three distinct regimes marked by the shades of grey. For energy densities below F = 150 mJ/cm 2 the geometry is unchanged. For energy densities above it, the melting temperature is reached locally, height and diameter start changing. Finally, ablation leads to a decrease in the volume of the nanostructures starting at energy density F ≈ 350 mJ/cm 2 , due to part of the sample reaching the Si evaporation temperature. As shown in Figure 6(b) , from the template up to the unstable case, the average diameter D decreases from 560±5 nm to 300±42 nm, and, most importantly, the height H increases almost by a factor of 2, from 220±13 nm to 434±54 nm. In Figure 7 (c), we plot the measured resonance positions over the diameter D, which changes due to the irradiation, scaled to the period P of the nanodisk array. The ED resonance blue-shifts, while, in contrast, the MD resonance maintains its position. As the ED resonance is due to the collective polarization induced in the nanostructure, it is sensitive to the changes in the lateral dimensions, i.e. the diameter of the nanostructure. On the other hand, the MD resonance is driven by the electric field coupling to displacement current loops, which are partially compensated by the increase of the height. Photothermal effects depend on the aforementioned irradiation parameters as well as the material parameters of Si, but similar effects are expected in other dielectrics or even plasmonics. Last but not least, the selection of an ultrashort pulse laser with a high repetition rate as a light source gives the opportunity for a rapid structuring, which suggests a direct path towards a mass-production of nanostructure-based optical devices.
Methods

Experimental laser system
As the irradiation source we used a high-power picosecond laser (Ekspla, Ltd.) with a pulse duration of τp = 10 ps, a pulse repetition rate up to υ = 1024 kHz and a maximal power P = 60 W at λ = 1064 nm wavelength. The fundamental wavelength of the laser was transformed into a second harmonic, λ = 532 nm, in order for the laser irradiation to be in the resonant spectral range of the nanostructures as well as the high-absorption spectral range of the amorphous Si. Before the focus lens, the diameter of the Gaussian-shape beam was equal to d1 = 5 mm, as The experiments were carried out in ambient conditions.
Raman spectroscopy measurements
Raman measurements were performed using a commercially available WITec confocal Raman system (WITec GmbH) equipped with a λ = 785 nm laser. The light was focused via a 50× objective (NA = 0.95) onto the sample and the Raman scattered light was collected with the same microscope objective. The laser power at the surface of the sample was P = 1 mW and the used integration time was 1 s with 5 accumulations. Measured spectra were background corrected using the statistics-sensitive non-linear iterative peak-clipping (SNIP) algorithm with 100
iterations.
Numerical simulations
The optical simulations were carried out with a finite-difference time-domain (FDTD) method, implemented in commercial software (Lumerical, Inc.). The simulations were done using a 3D model of an infinite array of amorphous Si nanostructures. The model of unit cell was implemented with periodic boundary conditions (PBC)
on the sides and perfectly matched layers (PML) on the top and the bottom of the simulation domain. The unit cell was illuminated by a normally incident plane-wave source. Frequency domain field and power monitors were placed to record the electric and magnetic fields as well as the transmittance of the nanostructures. The FDTD method was also used for obtaining the optical power absorbed by the Si nanostructure, and transferring it further for the use in the finite element method (FEM) based thermal simulations for following up the heat diffusion. The step-like heat source was set to the duration of the laser pulse, τp = 10 ps.
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